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- FOREWORD

This final report describes work performed by personnel of the
Honeywell Corporate Physical Sciences Center, 10701 Lyndale
Avenue S., Bloomington, Minnesota, 55420 during the period from
1 June 1979 to 30 May 1980 under Contract F33615-79-C-5047,
"Thallium-Doped Silicon Infrared Detector Material.'" The program
was monitored by Capt. James Walcher and Gordon Griffith of the
Materials Laboratory, Air Force Wright Aeronautical Laboratories,
Wright-Patterson Air Force Base, Ohio. ‘

The program was directed toward establishing feasibility of the
gradient-transport solution growth process for growth of silicon
heavily doped with thallium for use as an infrared detector
material. The author would like to acknowledge the technical
assistance of Larry Sheehan and Stewart Dietz in carrying out the
crystal growth runs, as well as Brian Anderson, a student aide,
who assisted in the development of the wetting step. Robert
Hager, Joe Schmit and Walter Scott participated in many stimu-
lating and informative discussions.
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SECTION I
INTRODUCTION

In order to carry out infrared imaging more efficiently than is
possible with current systems, the so-called ''second-generation"
concept of an infrared detector array integrated with silicon
electronics for signal readout (and perhaps signal processing as
well) is being developed. Realization of this concept requires
development of an optimized detector material, a means for fabri-
cating uniform arrays of detectors from this material, and inte-
gration of these arrays with silicon electronics.

One approach for carrying out this concept is to develop suitably
doped silicon as the detector material and thereby take advantage
of the relative ease with which processing steps such as ohmic
contact formation and metallizations can be performed on silicon.
This processing advantage has not proved to be great enough to
provide a solution to the most challenging approach to silicon
detector/electronics integration pursued in the past (i.e. a mono-
lithic approach), but has still made it possible to pursue some
other approaches to integration in a straightforward say. For ex-
ample, the use of bump interconnection technology to connect
separately prepared chips of detector material and electronics
has resulted in focal planes which represent the state of the art
insofar as image quality.

Mercury cadmium telluride, (Hg,Cd)Te, has been used in infrared
imaging systems for several years in the form of small arrays of
individually wired detectors. This material is now also being
developed for use in second-generation integrated focal plane
arrays. The challenging part of this approach is in developing
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the understanding of defect chemistry and processing steps in
this material to the point where uniform arrays of photovoltaic
detectors can be fabricated reproducibly and integrated with
silicon electronics.

Of the two materials,(Hg;Cd)Te is presently receiving the greater
amount of attention for focal plane applications because of its
higher operating temperature in comparison to extrinsic detectors
and more efficient absorption of infrared radiation. However, it

is not clear that the development of the technology for integra-
tion of (Hg,Cd)Te with silicon electronics will be able to keep

pace with demands for focal planes of increasing size and com-
plexity. For this reason, the development of silicon detector
material for various wavelength ranges remains potentially impor-
tant in the overall advancement of focal plane technology.

The major challenge in pursuing the extrinsic silicon approach is
the achievement of proper doping of the detector material. This
has not always been straightforward. The main impurity used should
preferably have an ionization energy equal to the energy of the
longest wavelength radiation to be detected. The material must be
doped with this impurity as heavily as is needed to give efficient
absorption of the raditation to be detected, but without doping
nonuniformities which cause detector nonuniformities when the
material is made into a detector array. Such nonuniformities have

£y

- been a problem at times in arrays made from Czochralski or float-
;ﬁ zone material. Also, the material must be made free of shallower
:; electronically active levels or crystalline defects which might
a 1imit the responsivity or operating temperature of the detectors.
— An example of an unexpected occurrence of such a defect is the

y In-X acceptor level found in indium-doped silicon, which lowered
[; the operating temperature of Si(In) detectors until the defect

&; was identified as an indium-carbon complex and carbon incorpora-

tion suppressed during growth.
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The acceptor thallium has been identified as a promising dopant
in silicon for detection of infrared radiation in the 3 to 5-

micron atmospheric window. The ionization energy of this acceptor
is 0.246 eV1 which corresponds to a cutoff wavelength of 5.04
microns and makes it responsive to radiation in the entire 3 to 5
micron range. The binding of holes to thallium acceptors appears
to fall in the same theoretical framework as that for the other
group IIIA acceptors (hyvdrogenic effective-mass theory) so that
processes relevant to photoconductive detector operation -- photo-
ionization, thermal generation and recombination -- can be under-
stood within an established theoretical framework. In addition,
the diffusion coefficient of thallium in silicon is lowz, so that
precipitation of this dopant is not expected to be a problem.
However, other properties of thallium in silicon present diffi-
culties in the crystal growth of detector-grade material. The
major factor is the low miscibility of thallium with either solid
or liquid silicon. The immiscibility in molten Si interferes with
the stability of Czochralski or float-zone growth of Si(T%).
Attempts to grow thallium-doped silicon by these techniques have
yielded material that is either too lightly doped or polycry-
stalline. rhe highest thallium doping achieved in float-zone
growth3 has been 2 x 1015cm—3. Based on some of the information
presented below, this would correspond to a quantum efficiency of
0.3 percent at 3.1 microns, which is unacceptably low. Silicon
much more heavily doped with thallium (up to about 2 x 1017cm_3)
has been produced in some simple experiments4 involving quenching
of liquid Si-T¢ mixtures from temperatures above 1400°C, but the
resulting material has been polycrystalline. Clearly an alter-
native growth technique is needed to produce single crystals of
heavily doped material. Another factor in designing a growth pro-
cedure is the high vapor pressure of thallium (approaching one
atmosphere at the silicon melting point). This requires the use




hot-walled closed container for the growth process in order

‘event condensation of thallium away from the growth region.

hrust of this program has been to investigate the feasi-

y of an alternative crystal growth process, gradient trans-
solution growth, for producing detector-grade thallium-doped
on. The central issues of this investigation have been

er the growth process is feasible for producing crystals of
morphology and whether the thallium concentration can be
ased to the point where photoionization absorption by thal-
acceptors becomes high enough for efficient infrared de-

on.

pecific objectiVes of the project have been to:

Demonstrate the growth of single crystals of thallium-
doped silicon 1" in diameter

Achieve thallium concentrations of 1017/cm3 or greater

Assess the potential of the growth process for satisfying
other detector-related material requirements such as
purity, crystalline perfection, and doping uniformity.

respect to the thallium doping issue, progress has been
ively straightforward. As discussed below, it has been

ble to carry out the gradient transport solution growth

ss using fairly thallium-rich solvents and thereby to ob-
material doped fairly closely to the thallium solubility

. However, control of the growth morphology has developed
slowly, and has involved making substantial changes in both
onfiguration of the materials used in the growth process

he methods for setting up the crystal growth runs. Single
rals of good morphology were demonstrated after the solution




layer used in the growth process was reduced substantially in
thickness, although the capillary wetting step used to set up
this thin solution layer could not be carried out for the thal-
lium-rich solutions which would give the highest thallium doping.
To summarize, the growth procedure has been developed to the
point where high thallium doping or good crystal morphology (but
not both simultaneously) could be obtained.

The specific results of the program have been:

® Growth of single-domain crystals up to 20mm in diameter

® Achievement of a maximum T2 doping of 1.33 x 1017 cm_3

® Observation of quantum efficiencies up to 18 percent as
projected for a 1-mm detector thickness

e Observation of residual impurity contamination by boron
and perhaps aluminum at about the 1016 c:m-3 and 101°cm™3
levels, respectively; the boron contamination has been
eliminated through the use of an encapsulated solution
for the growth, but the aluminum contamination has per-

sisted

e Observation of dislocation densities of several thousand

2
per cm

These results constitute initial confirmation that the gradient
transport solution growth process is capable of producing material
adequately doped for use in detectors. However, the detector per-
formance of solution-grown Si(T4&) remains uncharacterized because
the high level of shallow impurities observed in the crystals
eliminated the possibility of responsivity measurements at the
operating temperatures of interest.
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It seems likely that the solution growth process can be developed
to the point where crystals having both good morphology and high
thallium doping can be grown whose purity is at least adequate
for carrying out detector performance measurements. The issues

to be addressed at that point are whether material properties
which cannot be as easily controlled within the context of this
growth process (such as the dislocation density and the presence
of incorporated tin) are compatible with optimized detector oper-
ation.
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SECTION II
EXPERIMENTAL PROCEDURES

GRADIENT TRANSPORT SOLUTION GROWTH

In this program silicon crystals were grown from a solution con-
sisting of silicon dissolved in a molten mixture of the metals
thallium and tin. (The molten metal mixture is referred to as the
solvent for the growth process.) The principles of the growth
method are illustrated in Figure 1 using a binary phase diagram
in which the two components of the system are silicon and tin-
thallium metal (the possibility of inhomogenity in the tin/
thallium ratio of the metal during growth is ignored for

LIQUID
/7-—-1 COMPOSITION OF
¢ S0
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= Figure 1. Relationship Between Compositions and Temperatures
lw Occurring at Various Stages of Solution Growth Process
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purpose of this illustration). Also shown in the figure is the
physical arrangement of the materials involved in the growth
process. A silicon substrate is covered with the liquid metal,
which in turn is covered with silicon source material. As in-
dicated by the liquidus of the phase diagram, the metal has the
capacity to dissolve appreciable amounts of silicon at high
temperature; this solubility increases steadily with increasing
temperature.

The growth process begins when, after initial heating of the
materials near the desired growth temperature (and the associated
degree of dissolution of silicon from the source and substrate),
a temperature gradient is introduced such that the source is

made hotter than the substrate. Again because of the slope of the
metal-silicon liquidus, the solution tends to become richer in
dissolved silicon near the (hotter) source as compared to a
lesser concentration of dissolved silicon near the (cooler) sub-
strate. The temperatures and silicon-metal compositions of the
solution at these two positions are marked on the phase diagram,
The difference in silicon content at the top and the bottom of
the solution represents a silicon concentration gradient, and
diffusion of silicon in the solution causes a net transport of
silicon toward the substrate. As a result, the solution tends

to become supersaturated with silicon at the substrate and re-
crystallizes silicon there. The recrystallized silicon incorpo-
rates metal from the solution as well, according to the solid
solubility of the metal in silicon at the substrate temperature,
which is represented by the solidus curve of the phase diagram.

The net effect of the process is that the solution layer migrates
upward through the source wafer, and leaves a trail of doped
silicon behind itself. This is expected to continue as long as
the temperature gradient is maintained and source silicon is

T, Y e T




present.

The phase equilibria and the details of the solution growth
process in the ternary silicon-tin-thallium system are undoubtedly
more complicated than the binary representation used in Figure 1,
although it is expected that transport of silicon can still occur
in the same way and lead to deposition of silicon. The complicating
factors are first that the system is a ternary one so that the
tin/thallium ratio may in principle vary from point to point in

the solution, most likely from top to bottom. Secondly, and

more fundamentally, the mixing of thallium and silicon versus
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temperature does not follow the kind of phase diagram used in
Figure 1, but rather exhibits a substantial miscibility gap.
Available phase diagram information on the binary systems Si-Sn
and Si—T26 is shown in Figure 2, as well as a third, more specu-

5

lative curve illustrating the possible features of silicon versus
solution coexistence for an intermediate Sn-T2 composition.

The Si-Sn liquidus is of the type shown in Figure 1, so that the
description of solution growth given above would hold exactly if
a pure Sn solvent were used for the growth process. In the Si-T4
system, however, the liquidus is markedly different, in two re-
spects. First, the silicon concentration at the liquidus is

much lower than in the Si-Sn system for most temperatures of
interest (1386°C and below). This means that silicon is much less
soluble in liquid thallium than in liquid tin and that the cap-
acity for silicon transport is relatively low in a pure thallium
solvent. The second important aspect of the Si-T# liquidus is
that it is interrupted by a miscibility gap, a range of composi-
tions and temperatures in which the silicon thallium liquid mix-
ture is unstable with respect to separation into a T2-rich
liquid and a Si-rich liquid. The Si-T% liquidus shown in Figure
2 is based on a model and parameter values given by Thurmond and
Kowalchik7. The sequence of TL-Si liquid mixtures which coexist
with solid silicon as the temperature is raised (i.e. the
liquidus) jumps discontinuously from T&-rich to Si-rich as the
temperature is raised past one particular value. Thurmond and
Kowalchik give an estimate of 1386°C as the temperature of the
discontinuity, not far below the silicon melting point. These
authors also predict quite a wide miscibility gap, with less
than 10 atomic percent silicon on the TiL-rich side and over 90
atomic percent silicon on the other.

10
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As one moves away from a pure thallium solvent by adding tin,

the discontinuity in the liquidus is expected to diminish in
size and move to lower temperatures until above a certain tin
content, the miscibility gap is expected to disappear altogether.
As the tin content is increased, the capacity for silicon trans-
port (and thus the achievable growth rates) is expected to in-
crease, but the thallium doping is expected to decrease because
the thallium becomes less concentrated in the growth solution.

The occurrence of immiscibility in the solution would undoubtedly
complicate the situation, but it is not clear whether the growth
process would be disrupted or not. If the solution were to separ-
ate, the Tl-rich liquid would settle to the bottom because of

its greater density and the Si-rich liquid would rise to the top,
thus maintaining the monotonic increase in silicon concentration
from bottom to top and not incompatible with a net downward
transport of silicon.

Two slightly different configurations of source, substrate and
solution were used during the program., The first is shown in
Figure 3a. This arrangement was used in early growth runs to
investigate the thallium doping level achievable by solution
growth. In this arrangement a 4-mm deep well was milled out of
the substrate. The source material was ground down to a dia-
meter which fit into the substrate well. A lip on the source
rested on the wall of the substrate well so that a source-to-
substrate gap of about 1mm was maintained in the region occupied
by the tin-thallium solvent. For growth runs in this configura-
tion, the tin-thallium alloy was pressed into a disc of thickness
lmm and laid into the substrate well in solid form during the
room-temperature loading procedure. The volume of tin-thallium
alloy used was typically 0.85 to 0.90 percent of the available
interior volume of the assembly to avoid spillage of the solution.

11
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Figure 3. Configurations of Starting Materials and Ampoule
Used in Solution Growth Runs

These starting materials were loaded into a flat-bottomed quartz
ampoule as shown in Figure 3a. A relatively large cylinder of
silicon was then added on top of these pieces to act as a heat
pipe and aid in setting up the required temperature gradient. A
capillary restriction was fused into the ampoule at the location
shown to retard thallium evaporation out of the ampoule. A few
turns of Kanthal wire were wound around the ampoule at the loca-
tion of the heat pipe. The entire ampoule was then loaded into
the growth furnace (a 3-zone Thermco "Mini-Brute" furnace stood
vertically) and evacuated and backfilled with argon several times
to purge it of oxygen before heating. The open end of the ampoule
was connected into a tee fitting which passed argon over the
ampoule end thus maintaining inert ambient conditions there
while allowing the ampoule to remain near ambient pressure.

12
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Downstream from the ampoule, the argon was passed through a trap
to prevent thallium vapor from escaping the system.

The crystal growth furnace was set for a flat temperature profile
and raised to a temperature near the desired growth temperature.
The heater wound on the ampoule was run at about 100 watts to
produce a temperature gradient of 10°C/cm in the vicinity of the
growth assembly (as determined in a separate profiling measure-
ment). Finally, the main furnace set point was adjusted until

the exact desired growth temperature was projected at the growth
assembly.

The second configuration, shown in Figure 3b, was adopted after
the stability and morphology of the growth process in configura-
tion 3a proved to be inadequate for further use. In this con-
figuration, a smaller source-to-substrate gap (of the order

of 0.1mm) was used. The source and substrate were each flat,

and the gap between the two pieces was maintained by a 0.lmm-
thick silicon ring which also served as a side wall defining the
lateral extent of the solution.

A major emphasis in using the configuration of Figure 3b was to
till the source-substrate gap more fully with the tin-thallium
solvent and to establish oxide-free interfaces between the solu-
tion and the silicon pieces prior to the growth run. This em-

phasis resulted from voids and poor growth morphology observed

in early growth runs using configuration 3a. In order to achieve
- these conditions, a preliminary heating step was developed as de-
scribed on the following page.
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At about the same point in the program, changes were made in the
design of the ampoule and gradient heater used in the growth
runs. The ampoule retained the same function as before, but was
made more compact and easier to load. The new gradient heater
was a flat-plate resistive element made of carbon, mounted
horizontally over the ampoule bulb and housed in an argon-filled
shroud. The use of carbon enabled the gradient heater to operate
at significantly higher temperatures (over 1400°C) than the
Kanthal wire used previously.

WETTING STEP

As mentioned above, a preliminary heating step was carried out
to promote more complete and void-free filling of the source-
substrate gap with tin-thallium metal and establishment of
oxide-free interfaces between the metal and the silicon pieces.
Such conditions were considered desirable from the standpoint

of improving the stability and uniformity of the growth process.
The most reliable approach to covering the silicon pieces with
the metal was thought to be to promote capillary action or a
tendency of the metal to wet the silicon surfaces. In general,
it was found that only by heating the materials to fairly high
temperatures (over 1200°C) under oxygen and water vapor partial
pressures of 10_2 torr or less could such wetting action occur.
At lower temperatures, the contact angle between the liquid
metal and a silicon surface was always observed to be greater
than 90 degrees that is, non-wetting. At higher oxygen partial
pressures (associated with inadequately pure argon or poor
vacuum) the tin-thallium metal dissolved away silicon at existing
points of contact without flowing over the remainder of the
silicon surfaces. However, once tin-thallium metal had been

14
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caused to wet a silicon surface at high temperature it had a
tendency to continue coating the silicon upon further temperature
cycling. In general, this enabled the assembly to be inspected

at room temperature following the wetting step, followed in turn
by the crystal growth run.

The apparatus used for heating the materials is shown in Figure

4. It consisted of a horizontal quartz tube which was either
pumped out through a liquid nitrogen cold trap or flushed with
argon at atmospheric pressure. Two 300-watt tungsten lamps,
focused on the silicon source and substrate from above and below,
were used for rapid heating. Judging from the yellow-orange glow
given off by the assembly when the lamps were turned off, the
assembly typically reached temperatures of 1100°-1200°C. The dura-
tion of the heating process was kept to five minutes or less
because of rapid condensation of metal vapors on the relatively

cool walls of the quartz tube. Following the wetting step the
assembly was unloaded from the tube and the degree of filling of
the source-substrate gap with tin-thallium metal was determined
by X-ray radiography. This method consisted of placing the sample
between a point-like X-ray source (lmmz aperture at a distance

of about 1 meter from the sample) and a photographic plate.
Silicon has a sufficiently low X-ray absorption coefficient that
radiation passing through a sample several millimeters thick
exposes the plate in a reasonable amount of time. The tin-thallium
metal is relatively opaque, however, and produces shadows on the
plate which appear as light areas when the film is developed.
Voids in the metal layer show up as darker areas in the region
where metal is desired.

15
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Figure 4. Heating Apparatus for Wetting Step

Several starting configurations of the silicon and metal were
used in approximately 30 tests; three of the configurations tried
are illustrated in Figure 5. The relative successes of the dif-
ferent arrangements are summarized in Table I. The most success-
ful arrangement was 51) when carried nut under a vacuum of 10-2
torr or less. In this approach, a funnel-shaped hole was sand-
blasted through the silicon source. A pellet of Sn~T% metal
placed in the funnel would typically remain stationary upon
initial melting at 200°-300°C but then would flow down through
the hole at higher temperatures. Once the metal encountered the
source-substrate gap it would usualiy be drawn into the gap by
capillary action., The advance of the liquid metal meniscus was
not always regular, however, and void (non-wetted) areas of

5 percent - 50 percent of the source-substrate gap region were
observed by X-ray radiography following the heating step. Two

of the cases in which the void area was exceptionally low (around
5 percent were used for growth runs CS-12 and CS-13. The hole in

16
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the source was filled with a silicon plug prior to the growth

run.
SILICON
SOURCE
Sn/T¢ PELLET
Ve ]
-— =
g&; [ -2 — QE_-%
/l 3. CAPILLARY ACTION FROM
EDGE OF ASSEMBLY
SILICON (UNSUCCESSFUL)
SUBSTRATE
1. FUNNEL-SHAPED * *
HOLE IN SOURCE

f__‘M.j

2. TWO-STAGE PROCESS
(UNSUCCESSFUL)

Figure 5. Configurations of Materials for
Wetting Step

HALL MEASUREMENTS

Following crystal growth runs, Hall and resistivity measurements
were made on slices taken from growth assemblies. The measure-
ments were carried out in a dc mode at 8KG. The system used for
these measurements includes a Janis Model 8DT research dewar
which can be cooled to liquid helium temperatures. The sample
temperature was controlled to 0.1°K with a Lakeshore Cryo-
tronics DT-500 temperature controller. The systcm caa measure
samples in the van der Pauw configuration up to a resistance of

109 ohms and bridge-type samples up to 1013 ohms.

The Hall data discussed below were used to obtain carrier con-
centration values versus temperature using the relation p =
r/eRH. The Hall scattering factor, r, was always taken as unity.

17
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There is undoubtedly some error associated with this, since
analyses of Hall measurements on indium-doped silicon have in-
dicated that the r factor may deviate from unity by as much as a
factor of two, especially above room temperature. However, there
is no well-defined way to transfer these results quantitatively
to the present case. The values of impurity concentration ob-
tained through the use of r = 1 were therefore regarded as rela-
tive values, useful for determining progress in the thallium
doping and purity of the material, but subject to errors in ab-
solute magnitude of up to a factor of two. The concentrations of
various acceptors in the material were inferred through the use
of a least-squares fitting program which could be set up to use
from one to six acceptor levels in fitting the data. Each of
three parameters describing each acceptor level used (ionization
energy, degeneracy, or concentration) could be specified as

variable or fixed at a given value.

OPTICAL MEASUREMENTS

Information on the impurity content of some of the crystals was
obtained via optical absorption measurements. Samples were
lapped and polished with about a one-half degree taper to eli-
minate the appearance of interference fringes in the transmit-
tance versus wavelength and were cooled to 8K for transmittance
measurements. The transmittance (T) was measured using a Digilab
FTS-14 spectrometer at a resolution of Zcm—1 and converted to
absorption coefficient (= ) using the relationship

(1-R)Z exp(-=d)
T =

l-R2 exp(-2«=d)
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The reflectivity (R) was set at 0.3. To measure impurity absorp-

tion accurately in some spectral regions, the intrinsic silicon
lattice absorption was subtracted off. The reference absorption
specirum subtracted away was that of a high-purity vacuum float-

zoned crystal. The impurity contents of the crystals were deter-

mined from the intensities of absorption lines known to be as-

sociated with impurities in silicon. The conversion factors for
these determinations are listed in Table II for several impurities.

1

The calibration of the thallium absorption line at 1907cm =~ was
obtained from Hall and optical measurements on sample CS-6.

TABLE II. OPTICAL CONVERSION FACTORS FOR
IMPURITIES IN SILICON AT 8K

Line Position

Note:

line area is absorption
coefficient in cm'1 inte-~

grated over frequency in
-1

cm

Impurity (cm—l) Concentration (cm_3)
Boron 666 [B] = line area x 1.48 x 1014
Boron continuum near

700cm™ 1 B] = o x 1.83 x 10°
Aluminum 472 [A%) = line area x 4.2 1013
Gallium 510 [Ga] = line area x 5 x 103
Indium 1175 [1n) = line area x 2 x 101°
Thallium | 1907 [Te] = line area x 1 x 10%°

20
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SECTION III
RESULTS AND DISCUSSION

T1 DOPING

As discussed in Section I, a major objective of the program was

to achieve thallium doping at or above 1017cm-3 in silicon grown
by gradient transport from tin-thallium solutions. Since the
growth process was believed to involve near-equilibrium coexis-
tence between the solution and the material grown from it, the
thallium doping of the grown material was expected to depend main-
ly on the growth temperature and the tin/thallium ratio of the
metal solvent. In the investigation of the thallium doping, there-
fore, several growth runs were carried out using various ratios

of tin to thallium in the solution and various growth temperatures.
The thallium acceptor content of the grown material was measured

by the Hall and/or optical absorption techniques described above.

The results of several runs are plotted in Figure 6 and listed in
Table III. In general, as either the thallium/tin ratio or the
temperature was increased the thallium doping concentration was
found to increase. The highest thallium doping concentration,
1.33 x 1017
of 86 percent Tl and 14 percent Sn at a growth temperature of

T1/cm3, was obtained in material grown using a solvent

1370°C. This represents a significant advance in our ability to
satisfy material requirements for infrared detectors.

A simple model was developed to account for the thallium doping
and to allow extrapolation to other growth temperatures and sol-
vent compositions. The basic hypothesis was that the thallium
doping could be given by the product of the thallium concentra-
tion in the solution and a distribution coefficient for thallium
which depended only on temperature:

21
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PREDICTIONS OF
THALLIUM DOPING
MODEL (SEE TEXT)

CS-6
®
1.33 x 10"

1350 -

A CS-5
1.25 x 10'7

1300

GROWTH TEMPERATURE ( Ci

1250 R A 1 1
n 010 020 030 040 050

ATOMERACTION TIN IN SOLVIENT

Figure 6. Thallium Doping Concentrations Observed in Growth
Runs During the Program

[T“] soLip = kpg(T) ['“] LIQUID

This approach is undoubtedly oversimplified since the affinity of
) the solution for thallium (and therefore the distribution coef-
;{' ficient) is expected to be influenced by its tin content as well

v as the temperature. Accordingly, little significance was attached
[ to the exact values of k(T) which best fit the data, aside from

' their overall magnitude (low to mid-lo"6 over 13000-140000). The
s extrapolation of the best-fitting functional form is considered
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valid only for fairly thallium-rich solvents, ranging up to 40
percent tin content, and for temperatures between 1300C and
1400°C.

The determination of effective values of k(T) from the results of
individual growth runs required estimation of the thallium concen-
tration in the growth solutions used. This was carried out using
regular solution theory as applied to silicon-dopant binary sys-
tems by Thurmond and Kowalchik.7 Since the tin/thallium ratio is
known, the only unknown quantity involved in determining the thal-
lium concentration in the solution is the atom fraction of dis-
solved silicon, Xgi the expression used to estimate this was:

¢ (ay-byT) (a,-b,T)
_ H 1 1 2 1 2
&n xsi = R_. (-'I-‘; - T) - (l_xsi) [YT + (l_y) T (1)

where y is the atom fraction of tin in the solvent (i.e. the sol-
vent composition is SnyTzl_y) and

Hf (silicon heat of fusion) = 12,100 cal/mole

R (gas constant) = 1.987 cal/mole-deg

T, (silicon melting point) = 1410°C
. a; = 8145 cal/mole
1 b, = 1.50 cal/mole-deg
b .
E _ a, = 16,600 cal/mole
-
= b2 = 3.8 cal/mole-deg
£
2
<
g 24
b
t. .
r
b
L’. <
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The a's and b's are parameters used by Thurmond and Kowalchik to
represent the contributions to excess free energy of mixing in
the liquid phase due to interactions between unlike atoms. Here
the subscript 1 denotes Si-Sn interactions and 2 denotes Si-T1
interactions. Available thermochemical data indicate that inter-
actions between Sn and T1 (which would introduce another term in
the square bracket in Eq. 1) are relatively small and can be neg-

1ected.8

The magnitudes of 2n k(T) obtained for the growth runs using the
thallium-rich solvents are plotted versus 1/T in Figure 7. The
values can be roughly fit by a function of the form g¢n k(T) =
A-B/T which is characteristic of the distribution coefficients of
dopants in silicon.9 The values used to fit the data were

2.76 x 107k

T

&n le(T) = 67.7 =

This chosen function k(T) was then used in conjunction with
Eq. (1) to generate estimated thallium doping values over the
range 1250° - 1400°C and 0.0-0.4 Sn fraction in the solvent.
The results are plotted in Figure 6 as contours of constant T%
doping.

Two comments can be made about the results. The first is that on
the whole, the thallium doping achieved in this range of growth

conditions appear: to be more sensitive to the growth temperature
than to the amount of tin present in the solvent. The reason for
this is that thallium is the major component of the solution over
this entire range of growth conditions ranging from 0.5 to 0.9 in
atom fraction. The other major aspect of the results is that a

17cm_3 is to be

maximum thallium concentration of about 2 x 10
expected at growth temperatures near 1400°C, from solvents con-

taining less than 0.1 atom fraction tin.
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Figure 7. Estimated Values of the Distribution Coefficient
for Thallium from Tin-Thallium-Silicon Solutions

It should be pointed out that these calculations do not take into
account the possible tendency of the solution at some compositions
to segregate into two immiscible liquid phases, one thallium-rich
and the other silicon-rich. Within the theoretical framework used
to generate Eq. (1), this would be estimated to happen above about
1360°C for a 8"0.4T10.6 solvent and above about 1380°C for a pure
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T2 solvent. The T4 doping results for samples CS-5 and CS-7, which
are anomalously high, may be the result of this kind of effect.
These estimates are fairly uncertain, though, because the theory
is probably not accurate over the wide ranges of solution compo-
sition which would occur under solution segregation. Improvement
in our knowledge of immiscibility phenomena in the solutions would
require experimental determination of the Si-Sn-Tf liquidus at
these temperatures.

QUANTUM EFFICIENCY

During the course of optical measurements on several of the solu-
tion-grown samples the photoionization absorption of thallium
acceptors in the 3 to 5-micron region was observed. The data from
sample CS-6 in this region is shown in Figure 8. The continum ab-
sorption in this case reached a maximum value of about 2cm-1 at
3200cm-1 (3.13 microns). This value corresponds to a maximum
theoretical quantum efficiency of roughly 18 percent in a 1-mm-
thick detector with antireflection coatings. The measured values
from this and other samples are summarized in Table IV. The data
are obscured to varying extents by a line at about 32000m_1, due
to frozen water vapor on the samples. Based on the estimated maxi-

17 -3

mum thallium doping value of 2 x 10 "cm derived in the previous

subsection and the thallium optical cross section of 1.45 x 1017cm2
deduced here, the maximum theoretical quantum efficiency obtain-
able in a single pass through a 1mm Si(T%) detector would be about

25 percent.
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Figure 8. Photcionization Absorption Observed in
Sample CS-6

SHALLOW IMPURITIES

= As indicated in Table III, various amounts cf shallow acceptor
impurities were observed in all of the material grown during the

program. In some cases the identity of these impurities was deter-

[ mined.
v
-
An example of probable boron contamination is illustrated in the
Hall data from sample CS-5, shown in Figure 9. Above 250K, the
- ionization of thallium acceptors is apparent, but at lower tem-
{ 29
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peratures the carrier concentration is determined by the presence
of shallower centers. The least-squares fitting program was able
to account for the data quite well in terms of thallium and boron
acceptors having accepted values of the ionization energy (0.246
eV for thallium, 0.04385 eV for boron). The inferred boron concen-
tration was about 1.9 x 1016cm_3, When the data was re-fitted al-
lowing the ionization energy of the shallow level to be varied,

an optimum value of 0.048 eV was determined, still close to the

value for boron.

T (K)
250 167 125 100 83 71
T 4 T T T
10‘7 - CS-S -4
P- —a—
s FIT. (1.22 + 0.06) x 10" Tr/CM3 -
(1.65 £ 0.03) x 10'® AT (0.0482 + 0.001) eV
- (1.58 + 0.4) x 10'> COMPENSATION .
.\‘;
p= —
5.
¥ emgmen THEORETICAL
o~ FITTED CURVE
10'6 |- “~. (SEE TEXT)

. —

CARRIER CONCENTRATION (CM-3)

r— g
N
‘01'. i 1 1 | 1
2 4 6 8 10 12 14
1000/T (K 1y

Figure 9. Carrier Concentration Versus Temperature
in Sample CS-5
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In other Hall data, shallow impurities appeared at somewhat great-
er ionization energies. An example of this is the Hall data from
sample CS-13, shown in Figure 10,

Again the data reveals the characteristic thallium activation
energy at high temperatures, but becomes dominated by a second
shallower acceptor level below about 200K. A two-acceptor-level
fit using the standard thallium and boron ionization energies did
relatively poorly in this case, especially in fitting the data
below 200K. When the ionization energy of the shallower acceptor
was made adjustable in the program, a best-fit value of 0.065
0.002 eV was obtained, considerably deeper than the value for
boron and closer to the values for other group IIIA acceptors,
aluminum (0.0685 eV) or gallium (0.0722 eV). The shift in this
parameter is significant since the fit is greatly improved.

Additional evidence of acceptor impurities deeper than boron ap-
peared in optical absorption data. An example is the absorption
spectrum of sample CS-8, shown in Figure 11 over the range 400-
1000cm_1. The absorption spectrum of a high-purity silicon refer-
ence sample has been subtracted off to eliminate the lattice

absorption in this region. Lines which are known to be associated
with impurities in silicon are labeled. In addition to substitu-
tional boron, which is responsible for the overall continuum ab-
sorption at the low-frequency end of this spectrum and the broad
line at 6660m_1, substitutional aluminum is revealed by the line

at 469cm"1 which corresponds roughly to the aluminum acceptor line

at 472cm_1. The intensity of the line corresponds to an aluminum

} 14 -3

concentration of about 3 x 10" "cm In this case no further

electrically active impurities were observed, such as gallium
1

1

(strongest line at 440cm™ ") or indium (strongest line at 1175cm™

).
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Figure 11. Optical Absorption Spectrum of Sample CS-8 in
Region of Several Impurity Absorption Lines

There are several potential factors contributing to the appearance
of impurities in the solution-grown material. In the order of
occurrence during the growth run, these are:

1) Presence of impurities in the starting material

2) Introduction of impurities during material preparation

and loading

3) The presence of impurities in the argon gas used in the

crystal growth ampoule

4) Evolution of impurities from the container (quartz ampoule)
during the growth run.
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One very striking phenomenon having implications for the purity
of the growth process was the extensive devitrification of the
quartz ampoule material (i.e. transformation from an amorphous

to a polycrystalline state) during all of the growth runs. At
some of the higher growth temperatures used, devitrification ini-
tiated on both the inside and outside surfaces of the ampoule,
and for longer growth times it extended completely through the
ampoule walls, so that an appreciable volume of quartz was in-
volved in a change which may have caused release of impurities.

The manufacturer of the quartz used in the ampoules10 listed
A1203 and 8203 as typically occurring in concentrations of 50 ppm
and 0.5 ppm, respectively, in their material. Such concentrations
of these impurities are of an order of magnitude which corresponds
to the concentrations seen in the grown material, considering

that the distribution coefficient of boron is close to 1 and that
of aluminum'! about 0.002.

The changes in the configuration of source, solution and substrate
shown in Figure 3 were made as a result of the persistent occur-
rence of boron in the early crystals. The Suprasil liner shown in
the figure was incorporated to reduce the quantity of impurities
impinging on the crystal growth materials. The boron content of

12 was listed as 0 to 0.01 ppm, and that of alumi-
num 0.1 ppm. The liner consisted of two pieces, a cap and a bottom
disc, which were expected to stick lightly to one another at the
growth temperature.

the Suprasil used

The use of the silicon spacer ring and the wetting step described
above was intended to further isolate the solution from any im-
purities penetrating the liner. It was found that during the
wetting step the regions of contact between the spacer ring, source
and substrate tended to be penetrated with tin-thallium metal
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and to fuse together during the subsequent growth runs. This led
to what appeared to be total encapsulation of the solution within
the silicon parts of the growth assembly.

Analysis of the Hall data on the material grown in these last two
runs suggested that the boron was largely removed by these changes,
but that lesser amounts (typically around 1015cm-3) of a deeper
impurity at around 0.070 eV persisted. It is not clear at present
whether this residual effect is still due to contamination exter-
nal to the growth assembly or to one of the other sources listed
above.

Another factor known relativelv well is the purity of the various
starting materials. The tin and thallium used in the growth runs’®
were 6 nines grade, specified to have total impurity contents of

1 ppm or less. Such purity limits are more stringent than the
specifications on the ampoule material, but are still sufficient
to allow boron or aluminum doping in the 1015 or 1016 range. In
view of the low boron levels observed in the encapsulated-solution
runs, however, boron levels in the metal are probably negligible
at present.

The silicon used in the growth runs varied in purity from Czochral-

ski-grown material with mid-lO14 electrically active impurities/

cm3 to 20,000 ohm~-cm float-zone material. All of these concentra-
tions were low enough that they could not account for the concen-

tration of impurities observed after the run.

The other possible contributions to shallow impyrities listed
above are not known quantitatively, but it seems unlikely that
either of these could be the dominant source of electrically
active impurities in the growth runs.
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The precautions taken during material preparation and handling
were typical of those observed in the crystal growth of other
semiconductor materials. All of the starting materials were
thoroughly degreased and then etched in appropriate acids (1 hour
in aqua regia for quartz, 3-5 minutes in CP-4 (five parts nitric
acid, one part hydrofluoric acid, one part acetic acid) for sili-
con, 3-5 minutes in nitric acid for thallium, 3-5 minutes in
hyrochloric acid for tin, and 20 minutes in hydrofluoric acid for
tin-thallium alloys). Etches involving hydrofluoric acid were al-
ways carried out in plastic beakers to avoid pickup of boron from
Pyrex glassware. The etches were always quenched with distilled
deionized water, followed by 5 minutes or more of additional
rinsing.

The argon gas used to fill the ampoule was a grade specified to
contain at most 30 ppm impurities. Various sensors used to analyze
samples of the gas indicated that the major impurities were oxygen
and water vapor.

It is of value to compare the Si(T%) purity results with past
experience in solution growth of Si(In). In the Si(In) case some
growth runs were carried out under conditions fairly similar to
those used in Si(T%) growths, using quartz ampoule material from
the same source and open (i.e. not encapsulated) indium solutions
contained in a well in the silicon substrate. When float-zone
purity silicon was used for the growths the shallow impurity con-

centration was found to be in the low 1012cm'3

range, three orders
of magnitude down from the Si(T&) results. The reason for this con-
trasting result is not definitely known, but again the factors

which could account for the difference can be listed.

In general, the temperatures used in the Si(In) growths were some-
what lower (around 1300°C as opposed to 1350°C or higher in some
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of the Si(TL) growths). The quartz ampoules used in the Si(In)
growths generally did not devitrify as severely as in the Si(TR)
growths, and never initiated devitrification on the inside sur-
faces. This way be due to differences in the chemistry and vapor
pressures of indium versus the tin-thallium alloy. The vapor
pressures of indium and thallium are approximately 3 torr and 400
torr at the respective growth temperatures used. The chemistry
of monovalent thallium has in general been found to mimic that of
potassium, which has a strong tendency to initiate devitrification
of quartz.

™
Finally, in spite of the fact that the metals used in the Si(T%)
and Si(In) growths were all six nines grade, the species and quan-
tities of impurities present in the indium metal may well have
been more favorable for the growth of high purity material.

CRYSTAL MORPHOLOGY

The ability to grow reasonably uniform single crystal free of
voids and solvent inclusions is a basic prerequisite for further
development of thallium-doped silicon detector material. This
ability became an issue during the progranm.

As mentioned in the section on experimental methods, the early
growth runs in the program were carried out using a configuration
of starting materials in which the solution was rather loosely

1 confined (Figure 3a). The morphology of the crystals grown in this
Cf' ' way was adequate for investigating the thallium doping, but was
7 unsuitable for measurements or applications requiring areas of
“;, uniform void-free material larger than about 5mm2.

55. Typical growth morphology in these early runs is shown in Figure
;“/ 12. This is a side view of growth assembly number CS-5 after
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A being cut open to reveal the solution layer. The original surfaces
!3 of the substrate is still partially visible because of spotty
wetting of the solution to the substrate. In this particular
sampling of the growth morphology, an irregular layer of silicon,
between 1 and 1.5mm thick, was deposited on the substrate. Some
areas of the substrate were not covered at all. The bottom sur-
face of the source was removed in very irregular fashion, creating
"fingers'" of the solution projecting up into the source. Slicing
the growth assembly parallel to the plane of the solution layer
‘. in order to mine out the best portions of the grown material often
: revealed voids 1 to 2mm in size, spaced a few millimeters apart.
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Thickness of solution layer at begin-
ning of run—1mm (magnification 7X)
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Figure 12. Growth Morphology Observed at
Beginning of Program

The configuration shown in Figure 3b was adopted in growth runs
CS-10 through CS-13 in an attempt to improve the morphology of
the grown material. The essential changes which were made were to
decrease the size of the source-to-substrate gap and to fill the
F- interior volume of the growth assembly entirely with the solution.
The motivation for camplete filling of the assembly with solution
was simply to eliminate bubbles in the solution which would lead
to voids in the material.

38

T & &




The rationale behind decreasing the size of the source-to-
substrate gap was somewhat more speculative, but was based on
existing analyses of the stability of a liquid-solid interface

under diffusion-limited growth conditions.14

In these analyses,
stability of a flat growth interface was considered to depend

on the relative magnitudes of two competing effects: 1) the
tendency of solute transport to be concentrated toward any out-
ward projections in the substrate surface, and 2) the variation
in the free energy of the liquid-solid interface with curvature
(concave substrate surfaces having lower free energy than convex
ones, tending to enhance deposition in recessed areas). The first
effect is a destabilizing one in that it tends to exaggerate any
nonflatness of the growth interface. The second effect tends to
smooth the growth interface, but is more effective for small-scale
(short-wavelength) undulations in the growth interface because

of the tighter curvature involved for a given amplitude. The net
result is that undulations in the growth interface having a wave-
length shorter than a certain critical value will tend to be
smoothed out while longer wavelength undulations will tend to be-
come more exaggerated. As the solute concentration gradient driv-
ing the growth becomes steeper, the region of stability becomes
limited to shorter and shorter wavelengths.

In changing the solution growth configuration to incorporate a
thinner solution layer, the intent was to discourage sideways
diffusion of silicon, thereby putting an upper limit on the scale
of wavelengths over which the destablizing effect coule be oper-
ative and giving the smoothing effect a greater probability of
maintaining a smooth substrate surface. As shown in Figure 13,
growth runs carried out under these conditions progressed in a
much more stable way than the earlier ones. In this case (growth
runs CS-12) a tin-thallium solvent layer approximately O0.1mm
thick migrated upwards by about 1.5mm from the original substrate
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surface, which is no longer visible. The growth interface remained
smooth and the solution layer intact. The grown material was found
to be free of voids or solution inclusions.

Thickness of solution layer—0.1mm
(magnification 3X)

Figure 13. Growth Morphology Obtained at
End of Program

The ability to set up such thin solution layers depends on the
success of the wetting step described above. To date, the wetting
step has been successfully developed only for the tin-thallium
alloy composition Sn0.5T10.5 so that the later growth runs were
carried out using this composition. The dislocation density was
determined in the two samples grown from thin solution layers. The
values are summarized in Table V. The results on sample CS-13 in-
dicate that the dislocation density in the grown material is lower
than in the substrate from whcih it was grown. This is surprising
but not inconsistent with the conditions of the growth run. Other
epitaxial growth processes have been observed to bend dislocation
lines out to the edge of the epitaxial material.15 This is usually
associated with some form of stress between the substrate and the
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epitaxial material due to slight lattice mismatch. The heavy
doping of solution-grown silicon undoubtedly expands the lattice
parameter and could generate sufficient lattice mismatch to have

such an effect on dislocation lines originating in the substrate.

Table V. Dislocation Densities in
Solution-Grown Si(TYQ)

Dislocation Density

Growth

Run No. Substrate
cS-12 - 5000/ cm?

CS-13 40,000/cm? 8000 /cm?
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SECTION IV
CONCLUSIONS AND RECOMMENDATIONS

As summarized in the Introduction, the development of gradient-
transport solution growth of thallium-doped solution growth of
thallium-doped silicon has been successful on the whole. The
growth conditions for high thallium doping have been identified,
and an encapsulated-solution technique has been developed which
stabilizes the growth process and aids in maintaining the purity
of the material grown. The photoionization absorption of the
most heavily doped material has been shown to be high enough to
provide usable peak quantum efficiencies (up to 25 percent at a
1lmm thickness) in detectors. These results indicate that addi-
tional development of thallium-doped silicon as a 3 to S5-micron
detector material is definitely warranted.

The main areas of this approach which require further work are
investigation of detector performance of this material in con-
junction with improvements in material purity and crystalline per-
fection, and scaling up in the rate and diameter of the growth
process. With respect to improvement of the material quality, the
solution encapsulation technique needs to be developed more fully
to include the thallium-rich solvents required for high thallium
doping. Once heavily doped crystals of good morphology can be
grown in this way, the problem of shallow impurities can be at-
tacked more systematically. The area of greatest uncertainty in
the present degree of purity of solution-grown Si(T&) is the
purity of the tin and thallium used.

Purification techniques for these metals may have to be improved

to yield silicon crystals capable of optimized detector per-
formance.

42




Ty

In the area of scale-up of the growth process, additional data
on the liquidus in the ternary Si-Sn-T2 system would be helpful
in understanding the dynamics of the growth process. The growth
rate is presently fairly slow, especially for the thallium-rich
solvents, and investigation of the upper limits to the growth
rate is needed. The growth process needs to be carried out on a
somewhat larger scale, so that crystals of larger diameter are
produced. The uniformity of the material also needs to be in-
vestigated.

Finally, the detector performance of solution-grown Si(TZ) needs
to be investigated. As stated in Section 1, the impact on de-
tector performance of material parameters which cannot be con-
trolled easily within the context of this growth process, such
as the dislocation density and the presence of incorporated tin,
needs to be assessed.
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